26 Previous findings of Middle East Respiratory Syndrome coronavirus (MERS-CoV)-27 related viruses in bats, and the ability of Tylonycteris-BatCoV HKU4 spike protein to utilize 28 MERS-CoV receptor, human dipeptidyl peptidase 4 hDPP4, suggest a bat ancestral origin of 29 MERS-CoV. We developed 12 primary bat cell lines from seven bat species, including 30 Tylonycteris pachypus, Pipistrellus abramus and Rhinolophus sinicus (hosts of Tylonycteris-31 BatCoV HKU4, Pipistrellus-BatCoV HKU5 and SARS-related-CoV respectively), and tested 32 their susceptibilities to MERS-CoVs, SARS-CoV and human coronavirus 229E (HCoV-229E). 33 Five cell lines, including P. abramus and R. sinicus but not T. pachypus cells, were susceptible 34 to human MERS-CoV EMC/2012. However, three tested camel MERS-CoV strains showed 35 different infectivities, with only two strains capable of infecting three and one cell lines 36 respectively. SARS-CoV can only replicate in R. sinicus cells, while HCoV-229E cannot 37 replicate in any bat cells. Bat dipeptidyl peptidase 4 (DPP4) sequences were closely related to 38 those of human and non-human primates but distinct from dromedary DPP4 sequence. Critical 39 residues for binding to MERS-CoV spike protein were mostly conserved in bat DPP4. DPP4 40 was expressed in the five bat cells susceptible to MERS-CoV, with significantly higher mRNA 41 expression levels than those in non-susceptible cells (P=0.0174), supporting that DPP4 42 expression is critical for MERS-CoV infection in bats. However, overexpression of T. pachypus 43 DPP4 failed to confer MERS-CoV susceptibility in T. pachypus cells, suggesting other cellular 44 factors in determining viral replication. The broad cellular tropism of MERS-CoV should 45 prompt further exploration of host diversity of related viruses to identify its ancestral origin. 46 47 48 Existing evidence suggests that MERS-CoV may be originated from bats. In particular, 49 Tylonycteris-BatCoV HKU4 spike protein was shown to utilize MERS-CoV receptor, human 50 dipeptidyl peptidase 4 (DPP4). To better understand the potential infectivities of MERS-CoV in 51 bats, we developed 12 primary bat cell lines from seven bat species, including Tylonycteris 52 pachypus and Rhinolophus sinicus (host of Tylonycteris-BatCoV HKU4 and SARS-related-53 CoV respectively). MERS-CoV demonstrated much broader cellular tropism than SARS-CoV 54 and HCoV-229E, being able to infect five cell lines, including R. sinicus but not T. pachypus 55 cells. The close phylogenetic relationship between bat and human DPP4 genes supported the 56 ability of MERS-CoV to infect bat cells, while DPP4 expression appeared critical for MERS-57 CoV replication. However, overexpression of T. pachypus DPP4 failed to confer MERS-CoV 58 susceptibility in T. pachypus cells. The broad cellular tropism of MERS-CoV may reflect the 59 host diversity of MERS-CoV-related viruses and offers insights into its ancestral origin. 60 61 62 Coronaviruses (CoVs) are important pathogens in animals and humans, responsible for a 63 variety of respiratory, enteric, hepatic and neurological diseases. They are now classified into 64 four genera, Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus, 65 with Betacoronavirus further divided into lineages A to D (1-6). Humans are infected by six 66 CoVs, including human CoV 229E (HCoV-229E) and human CoV NL63 (HCoV-NL63) 67 belonging to Alphacoronavirus; human CoV OC43 (HCoV-OC43) and human CoV HKU1 68 (HCoV HKU1) belonging to Betacoronavirus lineage A; Severe Acute Respiratory Syndrome-69 related CoV (SARSr-CoV) belonging to Betacoronavirus lineage B; and Middle East 70 Respiratory Syndrome CoV (MERS-CoV) belonging to Betacoronavirus lineage C (7-16). The 71 emergence potential of CoVs is believed to be related to their tendency for mutation and 72 recombination, allowing the generation of new viruses being able to adapt to new hosts (5, 17-73 24). 74 Bats are an important reservoir of alphacoronaviruses and betacoronaviruses which may 75 jump to other animals or humans to cause new epidemics (4, 25). For example, SARS-CoV is 76 likely a recombinant virus originated from horseshoe bats as the primary reservoir and palm 77 civet as the intermediate host (22, 26-33). Since the SARS epidemic, numerous other novel 78 CoVs from humans or animals have been discovered (4, 34-40), allowing a better 79 understanding of the evolutionary origin of emerging CoVs. 80 Although dromedary camels are now known to be the immediate animal source of the 81 recent MERS epidemic, the evolutionary origin of MERS-CoV remains obscure (41-43) When 82 the virus was first discovered, it was found to be closely related to Tylonycteris bat CoV HKU4 83 (Ty-BatCoV HKU4) and Pipistrellus bat CoV HKU5 (Pi-BatCoV HKU5) previously 84 6 discovered in lesser bamboo bat (Tylonycteris pachypus) and Japanese pipistrelle (Pipistrellus 85 abramus) respectively in Hong Kong (5, 14, 15, 44, 45). Five other lineage C betacoronaviruses 86 closely related to MERS-CoV were subsequently detected in bats, including BtVs-87 BetaCoV/SC2013, Hp-BatCoV HKU25 from China bats and Coronavirus Neoromicia/PML-88 PHE1/RSA/2011 (NeoCoV), BtCoVNeo5038/KZN/RSA/2015 and BatCoV PREDICT/PDF-89 2180 from African bats (46-50). Besides bats, a lineage C betacoronavirus, Erinaceus CoV 90 VMC/DEU, subsequently defined as a novel species, Hedgehog coronavirus 1, has also been 91 discovered in European hedgehogs, a group of animals being phylogenetically closely related to 92 bats (51). While none of these animal viruses represents the immediate ancestor of MERS-CoV, 93
were determined for six of the seven bat species from which the 12 tested bat cells were 154 developed. The sequence of M. pusillus was not determined, as RT-PCR for the DPP4 mRNA 155 from bat cells was negative. Phylogenetic analysis showed that the bat DPP4 mRNA sequences 156 formed a distinct cluster being closely related to sequences from human and non-human 157 primates; while the dromedary camel DPP4 sequence was most closely related to that of wild 158 boar ( Fig. 4A ). Previous studies have identified 14 critical residues in hDPP4 for binding of 159 MERS-CoV spike protein (64, 65). Upon multiple sequence alignment of the corresponding 160 regions that contain these critical residues, most of the residues are conserved in the six bat 161 DPP4 sequences in this study ( Fig. 3B) The close phylogenetic relationship between bat and primate DPP4 sequences may 233 reflect the replicative ability of MERS-CoV in bat cells. Moreover, cells that supported MERS-234
CoV replication showed significantly higher DPP4 mRNA expression than those that were non-235 susceptible to MERS-CoV, suggesting that cellular DPP4 expression is critical for viral 236 infection. Since Ty-BatCoV HKU4 from T. pachypus was previously shown to be able to utilize 237 (Table 2) . Reactions 294 were first incubated at 50 o C for 30 min, followed by 95 o C for 2 min, and were then thermal 295 cycled for 50 cycles (95 o C for 15 s, 55 o C for 30 s). A series of 10 log 10 dilutions equivalent to 1 296 × 10 1 to 1 × 10 10 copies per reaction mixture were prepared to generate calibration curves and 297 were run in parallel with the test samples. All experiments were performed in triplicate. cell lysates were collected for total RNA extraction using RNeasy Mini Spin Column (QIAgen). 313 RNA was eluted in 50 l of RNase-free water and was used as template for one step RT-qPCR 314 with SuperScript III platinum One-step qRT-PCR system (Invitrogen, Carlsbad, USA). RT-315 qPCR assays were performed using conserved primers designed by multiple alignment of 316 available bat DPP4 gene sequences ( 
